Objectives: Stereotactic ablative radiation (SABR) is a promising alternative to lobectomy or sublobar resection for early lung cancer, but the value of SABR in comparison to surgical therapy remains debated. We examined the cost-effectiveness of SABR relative to surgery using SEER-Medicare data. Results: In comparing SABR to sublobar resection, 5-year total costs were $55,120 with SABR vs. $77,964 with sublobar resection (P < 0.001) and median survival was 3.6 years with SABR vs. 4.1 years with sublobar resection (P = 0.95). The ICER for sublobar resection compared to SABR was $45,683/life-year gained, yielding a 46% probability that sublobar resection is cost-effective. In comparing SABR to lobectomy, 5-year total costs were $54,968 with SABR vs. $82,641 with lobectomy (P < 0.001) and median survival was 3.8 years with SABR vs.
Introduction
Defining the optimal treatment for early stage lung cancers is an urgent public health priority. As the US population ages, the overall incidence of lung cancers is increasing swiftly, with a projected 50% increase by 2030. 1 While the majority of lung cancers present at an advanced stage, dissemination of lung cancer screening into routine practice will likely increase detection of early lung cancers. 2 The growing numbers of older adults diagnosed with early lung cancers present not
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only a therapeutic challenge, but also an opportunity to treat lung cancers in their most curable stage, thereby maximizing the beneficial impact of therapy on lung cancer mortality. While lobectomy is well-accepted as a standard of care treatment for fit patients with early, non-small cell lung cancers, 3 the high prevalence of smoking-related comorbid illness and advanced age 4 in patients diagnosed with non-small lung cancers often necessitates consideration of less radical approaches, such as sublobar resection 5 or stereotactic ablative radiotherapy (SABR). 6 Recent population-based data suggest comparable survival outcomes with sublobar resection and SABR, 7, 8 and a recent decision analysis concluded that SABR is cost-effective compared with sublobar resection in patients with marginally operable stage I disease. 9 Yet to date, little is known regarding the actual costs of lobectomy, sublobar resection, and SABR relative to their effectiveness in the real world setting of older patients with early, non-small cell lung cancers. Accordingly, in a populationbased cohort of older adults with early-stage, non-small cell lung cancer, we sought to measure actual costs and survival outcomes for SABR compared to both sublobar resection and lobectomy. This approach complements randomized trials and decision models by analyzing actual costs and outcomes of these three treatment approaches when employed in everyday practice, thus yielding direct implications for both clinical care and policy decisions.
Materials and Methods

Data Source
The Surveillance, Epidemiology, and End Results (SEER)-Medicare population-based database is drawn from 16 tumor registries representing approximately 26% of the US population. Records abstracted by tumor registrars are linked to Medicare billing claims, thereby facilitating determination of both specific details regarding the patient's cancer and administration of billed medical procedures. The case ascertainment rate is approximately 98%. 10 This analysis included patients diagnosed in 2003 to 2009 with survival information available through December 31, 2012, and cost information available through December 31, 2010.
Cohort Creation
We recently published a detailed analysis of survival outcomes for patients with non-small cell carcinoma of the lung diagnosed in 2003-2009, treated with either lobectomy, sublobar resection, or SABR, and meeting all of the following criteria: age ≥ 66 years, size ≤ 5 cm, pathologic confirmation, complete fee-for-service Medicare claims from 12 months before to 4 months after diagnosis, no prior cancer, no second cancer diagnosed within 4 months of the index lung cancer, and no distant metastasis or nodal disease at presentation. 7 In our prior analysis, propensity score matching was used to create matched cohorts of patients treated with these different treatment modalities, with logistic regression used to calculate the propensity score and 1:1 matching of SABR to surgically treated patients, as outlined in detail in this manuscript. For the current analysis, we began with these matched cohorts contained in the main analysis of the prior publication, 7 but subsequently excluded patients whose definitive treatment was coded only in SEER data, as the corresponding claims to determine cost of treatment were missing.
Treatment Ascertainment
Treatment was determined using Medicare claims present within 4 months of diagnosis and classified as either lobectomy, sublobar resection, or SABR, in accordance with our prior methods (eTable 1). 7 Surgery was further subdivided as videoassisted thoracoscopic surgery (VATS) or non-VATS. The first date any of these claims appeared was considered the treatment initiation date.
Covariables
Covariables used for propensity score matching included age at diagnosis, sex, race, use of supplemental oxygen, Charlson comorbidity score in the year prior to diagnosis, 11 performance status, 12 T stage, use of pathologic staging for the mediastinum, and use of pre-treatment PET scanning (eTable 1).
Measuring Cost
Total health care costs are reported from the payer perspective, using reimbursement for each patient's inpatient, outpatient, and carrier claims. We determined cost of care beginning 60 days prior to the initiating lung cancer treatment through the first of the following: death, last follow up, or completion of 5 years after diagnosis. Costs were normalized to 2014 dollars using the Prospective Pricing Index for Part A claims and the Medicare Economic Index for Part B claims. 13, 14 Costs were adjusted for geographic variation using the geographic adjustment factor for Part A claims and the geographic practice cost index for Part B claims. To account for censoring during the follow up period which leads to incomplete cost information, we calculated mean aggregate costs by using the partitioned version of the simple weighted complete-case estimator. 15 Costs are presented using a phaseof-care approach, 13 with costs divided a priori as follows: pretreatment costs (from claims occurring within 60 days prior to initiating treatment), treatment costs (from claims occurring within 30 days of initiating treatment), year 1 costs (from claims occurring from 31 days to 365 days of initiating treatment), year 2 costs (from claims occurring from 366 days to 730 days after initiating treatment), year 3 costs (from claims occurring 731 days to 1095 days after initiating treatment), and so on through year 5. Since very few SABR patients had follow up beyond 5 years, we did not analyze costs after this timepoint.
Survival Analysis
Differences in covariate distribution across matched pairs were assessed with a standardized difference threshold of 0.15. 16 Median overall survival for each treatment group was calculated using the Kaplan-Meier method, and differences in survival were assessed using proportional hazards regression stratified by matched pair.
Cost-Effectiveness Analysis
We compared overall weighted costs within 5 years and weighted costs by treatment phase using the Wilcoxon ranksum test. To explore the influence of costs over time, two different ICERs were calculated, one limited to pre-treatment, treatment, and year 1 costs and the other including pretreatment, treatment, and year 1-5 costs. This approach yields insight into the cost-effectiveness if only costs associated with treatment and aftercare are considered or if downstream costs due to treatment of recurrence and long-term morbidity are also considered. ICERs were calculated by dividing the difference in mean weighted cost by the difference in median overall survival. Median, as opposed to mean, survival was chosen as this can be readily estimated from right-censored data using the Kaplan-Meier estimator. Sensitivity analyses calculated ICERs for patients undergoing VATS in comparison to their matched pairs who underwent SABR.
To assess uncertainty in the estimated ICERs, we performed bootstrap simulation analysis with 1000 bootstrap estimates of the ICER to generate 95% confidence ellipses in the ICER plane. Cost-effectiveness acceptability curves were then generated to illustrate the probabilities that ICERs fall below a spectrum of societal willingness-to-pay thresholds. 17, 18 All analyses were conducted in SAS v9.3 and used twotailed statistical tests. This work was approved by our institutional review board.
Results
Composition of Matched Cohorts
We identified 300 matched pairs of patients treated with either SABR or sublobar resection and 243 matched pairs of patients treated with either SABR or lobectomy, from an original sample of 382 patients treated with SABR, 1496 patients treated with sublobar resection, and 7215 patients treated with lobectomy. For the SABR vs. sublobar resection matched pairs, median age was 78 years (interquartile range 73 to 82), 59% were female, and 40% received supplemental oxygen. For the SABR vs. lobectomy matched pairs, median age was 77 years (interquartile range 72 to 82), 61% were female, and 30% received supplemental oxygen. Both sets of matched pairs were well-balanced across all measured covariates, with low standardized differences between covariates (Table 1) . Of the patients who underwent surgery, 40% (120/300) of the sublobar resection patients and 27% (66/243) of the lobectomy patients underwent VATS and only 5% (16/300) and 7% (18/243) underwent mediastinal sampling.
Survival by Treatment
For the comparison of SABR to sublobar resection, median survival was 3.6 years with SABR and 4.1 years with sublobar resection (P = 0.95) (Fig. 1A) . For the comparison of SABR to lobectomy, median survival was 3.8 years with SABR and 4.7 years with lobectomy (P = 0.81) (Fig. 1B) . 
Cost by Treatment
For the comparison of SABR to sublobar resection, mean weighted costs through 5 years of follow up were $55,120 for SABR and $77,964 for sublobar resection (P < 0.001). By treatment phase, costs were lower for SABR as compared to sublobar resection for both the pre-treatment phase ($7838 vs. $9615; P = 0.02) and the treatment phase ($12,436 vs. $26,522; P < 0.001), and were marginally lower for the first year after treatment ($18,698 vs. $18,861; P = 0.05), but did not differ significantly during years 2 through 5 of follow up ( Fig. 2A) . The mean cost of VATS-sublobar resection during the treatment phase was $25,001, compared to $27,571 for patients who underwent open sublobar resection (P = 0.31) For the comparison of SABR to lobectomy, mean weighted costs through 5 years of follow up were $54,968 for SABR and $82,641 for lobectomy (P < 0.001). There was no difference in costs of SABR vs. lobectomy in the pre-treatment phase ($7558 vs. $8381; P = 0.41), but costs were substantially lower with SABR in the treatment phase ($12,468 vs. $29,551; P < 0.001).
There was no significant difference in cost during years 1-4 of follow up. In year 5 of follow up, SABR was less expensive ($3967 vs. $10,125; P = 0.03) but there were fewer than 11 SABR patients with 5-year data, thus limiting precision of the year 5 estimate (Fig. 2B) . The mean cost of VATS-lobectomy during the treatment phase was $23,265, compared to $31,895 for patients who underwent open lobectomy resection (P = 0.002).
Cost-Effectiveness Analysis
When considering only pre-treatment, treatment, and year 1 costs, the ICER for sublobar resection compared to SABR was $31,572 per life-year gained (95% CI − $224,642 to + $194,160) (Fig. 3A) . Cost acceptability curves demonstrated that the probabilities that sublobar resection would be cost-effective were 56%, 70%, and 73% at societal willingness-to-pay thresholds of $50,000, $100,000, and $200,000 per life-year gained, respectively (Fig. 4A) . When considering pre-treatment, treatment, and year 1-5 costs, the ICER for sublobar resection compared to SABR rose to $45,683 per life-year gained (95% CI − $325,572 to + $269,807) (Fig. 3B ) and the probabilities that sublobar resection would be more cost-effective dropped to 46%, 69%, and 75% at thresholds of $50,000, $100,000, and $200,000 per life-year, respectively (Fig. 4B) . In a sensitivity analysis, the ICER for VATS-sublobar resection considering pre-treatment, treatment, and year 1 costs was $7404 per life-year.
When considering only pre-treatment, treatment, and year 1 costs, the ICER for lobectomy compared to SABR was $17,047 per life-year gained (95% CI −$73,124 to +$108,011) (Fig. 3C) . Cost acceptability curves demonstrated that the probabilities that lobectomy would be cost-effective were 87%, 92%, and 94% at societal willingness-to-pay thresholds of $50,000, $100,000, and $200,000 per life-year gained, respectively (Fig. 4C) . When considering pre-treatment, treatment, and year 1-5 costs, the ICER for lobectomy compared to SABR rose to $28,645 per life-year gained (95% CI −$119,828 to +$207,822) (Fig. 3D ) and the probabilities that lobectomy would be cost-effective dropped to 78%, 88%, and 91% at thresholds of $50,000, $100,000, and $200,000 per life-year, respectively (Fig. 4D) . In a sensitivity analysis, the ICER for VATS-lobectomy considering pre-treatment, treatment, and year 1 costs was $10,622 per life-year.
Discussion
In this population-based study of older adults with early, non-small cell lung cancers, we calculated that the ICER for sublobar resection compared to SABR was $45,683 per life-year when considering all costs within 5 years, and the probability that sublobar resection would be cost-effective at a societal willingness-to-pay threshold of $50,000 per life-year was 46%. These findings do not provide compelling evidence that sublobar resection is cost-effective compared to SABR in older, frail, marginally operable patients, and are thus consistent with the decision analysis by Shah et al. which concluded that SABR was dominant to sublobar resection in marginally operable patients. 9 In contrast, we calculated that the ICER for lobectomy compared to SABR was $28,645 per life-year when considering all costs within 5 years, and the probability that lobectomy would be cost-effective at a societal willingness-to-pay threshold of $50,000 per life-year was 78%. Of note, this ICER is within the same order of magnitude of the findings of Shah et al., who reported an ICER of $13,216 per quality-adjusted-life-year for lobectomy compared to SABR in clearly operable patients. Collectively, these findings suggest that the increased cost of lobectomy has the potential to be worthwhile to patients and society if survival outcomes are indeed improved with lobectomy.
Our findings also illuminate the difference in actual costs of SABR compared to surgery in older patients with early lung cancer. Specifically, within 30 days of initiating therapy, SABR was $14,086 (53%) less expensive than sublobar resection and $17,083 (58%) less expensive than lobectomy. Furthermore, cost differences after the first 30 days of treatment were small, suggesting that the primary difference in cost of these two treatment approaches is the difference in short term costs engendered by the therapies themselves and their associated short-term complications. This finding is noteworthy, in that it suggests that the most benefit to be gained in terms of improving the value of care for early lung cancer is to focus on optimizing the initial treatment interval.
A strength of our analytic approach is the ability to measure real costs of care in an older population that actually Fig. 3 , cost-effectiveness acceptability curves were generated to estimate the probability that surgical therapy would be cost-effective across a spectrum of societal willingness to pay thresholds. The dashed yellow, gray, and blue lines indicate societal willingness to pay thresholds of $50,000, $100,000, and $200,000 per life-year gained, respectively. Panels A and B depict the comparison of sublobar resection to SABR and panels C and D depict the comparison of lobectomy to SABR. Panels A and C depict total costs from − 60 days to +12 months, and panels B and D depict total costs from −60 days to +60 months. Abbreviations: ICER, incremental cost-effectiveness ratio; SABR, stereotactic ablative radiation.
received modern lung cancer treatment. Within this context, it is interesting to note that the 5-year mean cost for patients treated with SABR was approximately $55,000, which is $15,000 higher than estimated in the decision analysis by Shah et al. 9 Similarly, 5-year mean cost of sublobar resection was approximately $78,000, which is $27,000 higher than estimated by Shah et al., and 5-year mean cost of lobectomy was approximately $83,000, which is $34,000 higher than estimated by Shah et al. These cost differences could be reflective of variation in reimbursement or practice patterns in SEER regions relative to the reimbursement at University of Pennsylvania, upon which the Shah et al. analysis was based. Alternatively, these cost differences could indicate meaningful differences between the actual patients examined in this study and the idealized 65 year old patient with medically operable stage I lung cancer considered in Shah et al.'s Markov model. A limitation, however, of our analytic approach is the relative imprecision with which differences in median survival between SABR and surgical therapy can be measured. It should be noted that we failed to measure any statistically significant differences in overall survival between SABR and either surgical therapy. If it were the case that survival is truly equivalent between SABR and surgery, then SABR would likely be the cost-effective approach, as it is less costly than either surgical therapy. The difference in cost favoring SABR thus underscores the importance of efforts to collect high quality outcomes data to inform understanding of the relative survival differences between SABR and surgery, as this will determine whether or not the increased cost of surgery could be cost-effective in certain circumstances. Efforts to date to determine the comparative effectiveness of SABR relative to surgery in operable patients have been problematic, with three randomized clinical trials closed due to poor accrual, and no remaining trials open. In lieu of randomized trials, Radiation Therapy and Oncology Group 0618 sought to evaluate the effectiveness of SABR in operable patients in a non-randomized phase II setting. With 26 evaluable patients and 25 months median follow up, results were promising with a 7.7% 2-year rate of failure in the primary tumor and 19.2% 2-year rate of failure anywhere in the involved lobe. 19 Similarly, single-institution, retrospective data comparing sublobar resection to SABR indicated similar cause-specific survival with either treatment, supporting the notion that sublobar resection is unlikely to be cost effective compared to SABR. 20 This study is limited in several important ways. First, techniques and doses for SABR continue to evolve, so it is likely that survival outcomes from SABR as implemented in this study, which includes patients diagnosed from 2003 to 2009, may be inferior when compared to contemporary outcomes with SABR. Second, surgical techniques also continue to evolve, and costs of surgical intervention will likely decrease with more widespread adoption of minimally invasive techniques. Third, despite our best efforts to match SABR to surgical patients using advanced statistical techniques and claims-derived covariates including comorbidity, performance status, and oxygen use, there remains potential for residual confounding, which would likely bias in favor of surgical therapy given the physiologic selection criteria imperative in selecting operative candidates. This limitation must be considered when comparing patients treated with SABR or surgical therapy in our analyses, as treatment selection is likely indicative of baseline functional and physiologic differences which are difficult to completely account for within retrospective studies. Fourth, given the relatively small size and limited follow up of our cohort, there is limited precision to estimate differences in median survival across treatment groups, which limits the precision with which the ICER can be measured. Fifth, our ICERs were calculated using actual life-years gained and not quality-adjusted life-years (QALYs) as health utility states for patients treated with SABR are not well understood. Sixth, without a control group of similar patients without cancer, we were unable to determine which costs in our patients were due to cancer itself and which were due to other, non-cancer related problems. Seventh, although the willingness-to-pay threshold is picked from a societal perspective, the study was limited in that only medical costs from a payer's perspective were included. Other costs including patients' medical costs, indirect costs and overhead costs are difficult or impossible to determine from claims datasets, yet may vary by type of treatment. Eighth, staging of the surgical group was likely based on pathologic assessment of the resected tumor, while staging of the SABR group was based on clinical and radiographic assessment. If upstaging were to commonly occur with pathologic assessment, this could bias survival outcomes in favor of surgical therapy. Furthermore, our surgical cohort included few patients who underwent mediastinal sampling, and thus may not be entirely representative of the general population of patients undergoing lung surgery, for whom mediastinal sampling is commonplace. And finally, we did not include a reference group who received no treatment, although prior work from our group illustrated that elderly patients with early non-small cell lung cancer who did not receive any local therapy experienced much worse overall and lung cancer-specific survival than patients treated with SABR or surgery. 8 In summary, SABR is clearly less costly than surgery in older patients with early non-small cell lung cancer. Nevertheless, lobectomy may be cost-effective in patients fit enough to undergo this procedure, assuming that lobectomy truly confers improvements in median overall survival on the order of 1 or more additional years of life. For patients who cannot undergo lobectomy, sublobar resection is less likely to be cost-effective when compared to SABR. Looking to the future, as greater emphasis is placed on value and insurers move toward bundling reimbursement of cancer care, the lower cost of SABR relative to surgery makes it an attractive option for marginally operable elderly patients. This context heightens the need for meticulous cost and outcomes studies to define the value of SABR relative to surgery.
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